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1. Introduction 
 The primary gaseous pollutants (excluding CO2) produced by combustion of low-
sulfur diesel fuel oxides of nitrogen (NOx), carbon monoxide (CO), and hydrocarbons 
(CyHz).  The last two of these can be readily ameliorated by an oxidation catalyst in the 
O2- rich environment of diesel exhaust but NOx can not.[1]  For this reason NOx 
remediation strategies such as selective catalytic reduction (SCR) [2, 3] and the lean NOx 
trap (LNT [4, 5] are being actively pursued.  The ideal implementation of these strategies 
would employ NOx sensors to control reagent injection in the case of SCR and trap 
regeneration in the case of LNT. 
 Two different NOx sensors for this application are at or near commercialization:  An 
amperometric NOx sensor developed by NGK [6] and a "mixed potential" NOx sensor 
developed by Riken [7].  The NGK sensor works by passing the sampled exhaust through 
a series of two chambers.  In the first chamber O2 is pumped from the exhaust and in the 
second, NOx is decomposed electrochemically and the current from this decomposition is 
measured in order to determine [NOx].  Since the NOx concentrations can be small, on the 
10's of ppm levels, the currents produced by decomposing the NOx can be small and 
difficult to measure accurately.  The Riken sensor functions by passing the exhaust over a 
"conversion electrode" that converts the NOx to NO2.  This NO2 is then sensed by a 
mixed potential sensing element.[8-10] 
 Researchers at Ford evaluated the NGK sensor and observed the above shortcoming 
(poor for low [NOx]) as well as others [11] (e.g., asymmetric response to NO vs. NO2) 
and were unable to obtain samples of the Riken sensor.  Therefore a CRADA was 
initiated between Ford an ORNL to investigate the development of NOx sensors for diesel 
exhaust applications.   
 
2. Experimental approach and results 
2.1. General experimental approach 
 Sensors for this application have to be able to withstand the high operating 
temperatures encountered in exhaust.  For this reason virtually all the sensing techniques 
employed throughout the investigation were electrochemical in nature with yttria-
stabilized zirconia (YSZ) as the substrate/electrolyte.  These substrates (usually ~1.5 cm 
diameter, ~0.1 cm thick) were either produced in-house at ORNL or obtained from Ford.  
In order to produce sensing elements electrodes (usually noble metals or oxides) were 
screen-printed onto the YSZ substrates and fired at temperatures around 1000 oC.  
Usually the electrodes were on one broad face of the substrate. 
 Testing was carried out in a tube furnace to simulate the elevated temperature service.  
Fixtures were machined from bisque alumina to provide means of contacting the 
electrodes with Pt wire, and a commercial gas mixing unit (Environics) was used to mix 
N2, O2, NO, etc. as required for the test at hand.  A schematic of the experimental setup is 
shown in Fig. 1. 
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Figure 1:  Schematic of experimental setup for NOx sensing element 
characterization. 
 
 
 
 During the course of this project three different techniques were explored for NOx 
sensing.  The first technique was the "mixed-potential" approach mentioned above.  The 
second was application of electrical stimuli (usually a DC current or voltage) to sensing 
elements with dissimilar electrodes.  The third and final technique employed was 
application of electrical stimuli to sensing elements with compositionally identical 
electrodes.  All three methods will be discussed in the following section. 
2.2. Mixed potential sensing 
 In this type of sensing usually the voltage is monitored between two dissimilar 
electrodes exposed to the sample gas, or between one electrode exposed to the sample gas 
and a reference.  The experiments done at ORNL were virtually all of the former type and 
the sensing element geometries employed are shown in Fig. 2.  The geometry in Fig. 2a is 
similar to one described my Miura et al. [12] and during the course of the present 
investigation elements of this geometry with Pt, Ag/Pd, and La0.85Sr0.15CrO3 as the 
"Metal or conducting oxide" were fabricated and tested.  Oxides used as the partial 
covering on one electrode were primarily perovskites (e.g. La0.6Sr0.4Co0.2Fe0.8O3) and 
spinels (e.g. NiCr2O4).  For the geometry in Fig. 2b the perovskite La0.85Sr0.15CrO3 (LSC) 
and some binary oxides (e.g. ZnO) were used in combination with Pt 
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 Figure 2:  Element geometries with dissimilar electrodes. 
 
 The NOx sensing performance of these mixed potential elements was similar to that 
described in the literature (for example [13]):  Strong responses to NO2 were observed 
but the response to NO was much weaker and opposite in sign.  Some representative data 
are shown in Fig. 3.  Since combustion exhausts typically contain NO and NO2 in an 
unknown ratio (hence "NOx") it these elements would require that the sensor have some 
provision for converting the NOx to a fixed [NO2]:[NO] ratio (as is the case in the Riken 
sensor mentioned previously [7]).  Much of the ORNL work on these type of sensing 
elements was detailed in a conference paper [14] and two publications [15, 16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  NOx sensing behavior of "mixed-potential" sensing elements in 7% 
O2.  These elements had the oxide indicated paired with Pt in the geometry of 
Fig. 2b.  LSC = La0.85Sr0.15CrO3. 
 
 
 
2.3. Use of electrical stimuli on elements with dissimilar electrodes 
 Several investigators [10, 17, 18] have reported on applying electrical stimuli ("bias") 
to electrochemical NOx sensing elements.  Similar work was carried out during the course 
of this CRADA on elements with the geometries shown in Fig. 2a) and b).  Typically, a 
DC current source (Keithley 2400) was used to impose a fixed current across the 
electrodes and the DC potential required to maintain this current was monitored, or a 
fixed potential was maintained across the electrodes and the DC current monitored.  
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(These two techniques gave nearly identical results if the measurements were converted 
to DC resistances (Vmeas/Iapp or Vapp/Imeas).) 
 For several different materials combinations it was observed that if the bias condition 
was such that the partially oxide-covered (Fig. 2a) or oxide (Fig. 2b) electrode was 
positive with respect to the Pt electrode the response to NO was enhanced (Often to the 
point that the element became "NO-selective").  Some data illustrating this behavior is 
shown in Fig. 4.  In order to rationalize this behavior, it was considered that with 
"positive" bias oxygen ions are being supplied to the partially oxide-covered or oxide 
electrode.  This may be facilitating the oxidation of NO.  Unfortunately we were unable 
to design and carry out experiments to elucidate the mechanism responsible for the 
enhanced NO response.  Unexplained also was the observation that some oxides 
evaluated would not display an enhanced NO response as is seen in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Sensing behavior with applied electrical stimulus.  In a is shown the 
measured voltage (Vmeas) as 450 ppm of NO or NO2 is pulsed at different 
applied current levels.  The computed changes in Vmeas as a function of Iapp are 
shown in b.  Data collected at 600 oC, 7 vol% O2, balance N2 
 
 
 
 
  
The sensing performance of these "biased" elements for NO was examined in fair detail, 
and some of the operational characteristics were found to be: 
• The applied voltage at which "NO-selective" behavior was observed was usually 
around +0.1 V.  (Bare Pt electrode at a lower potential than the partially oxide-
covered (Fig. 2a) or oxide (Fig. 2b) electrode.) 
• The enhancement of the NO response relative to NO2 typically weakened as the 
concentration decreased to near ~20 ppm. 
• At lower concentrations the response to NO tended to become linear, and this 
linear range would extend to higher concentrations as the operating temperature 
was increased. 
• The sensing elements would typically become more resistive during operation, 
leading to "drift" sensor response. 
• For samples with the geometry shown in Fig. 2a, varying the O2 content between 
~5 and 20% produced little change in the sensing signal with or without NO 
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present.  In contrast, samples with the Fig. 2b geometry showed a response to 
varying [O2] was a decreasing function of [NO].   
• The sensing performance of elements of the type shown in Fig. 2b appeared to be 
insensitive to minor variations in electrode geometry. 
 These observations were discussed in detail in two publications [16, 19].  Two 
conference presentations were also made discussing the performance of these sensing 
elements.[20, 21] 
2.4. Use of electrical stimuli on elements with compositionally identical electrodes 
 These types of sensing elements were the last to be investigated, however as the 
project evolved these became the primary focus with the most promise.  Samples with a 
host of different geometries were made, but the geometry that was investigated the most 
intensely is shown in Fig. 5.  This geometry consists of two electrodes, both produced in 
a single screen-printing and firing step.  Samples of this geometry showed qualitatively 
similar behavior to that shown in Fig. 3 when operated without electrical stimuli—an 
NO2 response that was stronger and opposite in sign than that to NO.  The voltages 
produced however were small, usually less than 10 mV for 450 ppm NO2 at 600 oC. 
 With the application of electrical stimuli a most surprising and unexpected result was 
found as shown in Fig. 6.  Figure 6a shows that at small positive applied currents (the 
larger area electrode at a higher potential than the smaller area electrode (Fig. 5)) the 
response of the sensing element to 77 ppm NO and NO2 was approximately the same.  
This nearly equal response could be maintained over approximately a decade of 
concentration (20 ppm ≤ [NOx] ≤ 200 ppm) as shown in Fig. 6b.  Behavior of this sort by 
a sensing element is often referred to as "total NOx" sensing and it is a highly desirable 
characteristic because the relative abundance of NO and NO2 in exhaust is rarely known 
with certainty. 
 Unfortunately, as was the case above, attempts to 
elucidate the sensing mechanism of these elements 
were unsuccessful.  However, the following general 
observations regarding the sensing behavior of these 
elements were made: 
• It was possible to obtain near "total NOx" 
behavior with a number of oxides. 
• The closest to "total NOx" behavior was 
usually observed at small positive potentials 
(~50–100 mV). 
Figure 5:  Element geometry 
for "compositionally i
oxide electrodes". 
• At lower NOx concentrations (< ~20 ppm), the 
NO2 response would invariably become greater 
in magnitude than the NO response. 
dentical 
• The sensing elements would typically become more resistive during operation, 
leading to "drift" in the element response. 
• These elements showed a response to varying [O2] was a decreasing function of 
[NOx], and varying [O2] (in the absence of NOx) from 7–20 vol% would cause 
changes on the order of 30% to the sensor output. 
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 These observations were summarized in a publication [22] and also formed the basis 
of two conference presentations [23, 24].  In addition to the information presented there, 
the following observations regarding these types of sensing elements were made: 
• Lanthanum chromite electrodes with alkaline earth modifications on the "A" site 
(La0.85Sr0.15CrO3, La0.80Ca0.20CrO3, etc.) were unstable with respect to phase 
decomposition if significant moisture was present.  A B-site substituted chromite 
(LaCr0.95Mg0.05O3) however was stable. 
• The elements responded to varying [H2O(g)], with the effect of varying [H2O(g)] 
from 0.5 to 1.5% often being commensurate with the response to 50 ppm NO. 
• Significant responses also were observed to C3H6, NH3, SO2, and H2 (although 
this was a function of the applied current level).  CO tended to be less of an 
interferent. 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6:  a shows the effect of 77 ppm NO and NO2 on Vmeas at different Iapp 
for a sensing element with the geometry of Fig. Error! Reference source not 
found..  The NOx sensing performance at fixed Iapp is shown in b.  Data 
collected at 600 oC, 7 vol% O2, balance N2.
 
 
 
 
 
3. Conclusions 
 In this work "mixed-potential" sensing elements w/ very strong NO2 responses (Fig. 
3), "biased" sensing elements with strong NO responses (Fig. 4), and "total NOx" sensing 
elements were demonstrated.  The last two types would be more directly applicable to 
NOx sensing in diesel and lean burn engine exhausts as most of the NOx in these exhausts 
is believed to be NO. 
 The "total NOx" elements were by far the most heavily investigated type of element, 
and the main shortcomings of these appeared to be tendency to drift and cross-sensitivity 
to varying O2 and H2O (g). 
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